Background--Fatty infiltration of the pancreas is an enigmatic manifestation of ectopic fat deposition in obesity. Studies have shown that pancreatic lipid accumulation interferes with insulin secretion in humans. However, the prevalence of fatty pancreas and its associated factors in the general population remain unclear. The aim of this study was to investigate the prevalence of fatty pancreas and its association with diabetes, nonalcoholic fatty liver disease (NAFLD), and cardiometabolic risk factors in a Chinese population.
steatosis or nonalcoholic fatty pancreas disease (NAFPD). 14 Long-term exposure to a high-fat diet in rats induces both interlobular and intralobular fat accumulation, inflammatory cell infiltration, and fibrosis in the pancreas, and thus damage to the normal pancreatic architecture and islets. 15 Likewise, C57BL/6 mice fed a high-fat diet develop insulin resistance and features of both NAFLD and NAFPD. 16, 17 In human studies, pancreatic fat content is closely associated with increasing BMI, 18 insulin resistance, 19, 20 metabolic syndrome, 18, 19 and hepatic fat content. 18, [20] [21] [22] However, reports on the relationship between fatty pancreas and b-cell function are inconsistent. Some studies indicate that pancreatic lipid content is negatively associated with insulin secretion in nondiabetic subjects 23 or individuals with impaired fasting glucose (IFG)/ impaired glucose tolerance (IGT), 24 while others suggest no relationship between b-cell function and pancreatic fat in subjects with IFG and/or IGT 25 or diabetes patients. 26 However, while there have been studies with a small number of selected subjects, 18, 19, 22 there have been no large-scale studies to examine the prevalence and associated factors of fatty pancreas. Therefore, the aim of this study was to investigate the prevalence of fatty pancreas and its association with NAFLD and cardiometablolic risk factors in a Chinese population.
Subjects and Methods
This is a retrospective research in which all examinees who received a health checkup at the Health Management Center of National Taiwan University Hospital (NTUH) between January 2009 and December 2009 were screened. All authors declare that this research has followed all applicable institutional and government regulations concerning ethics and has been approved by the NTUH Institutional Review Board.
After an overnight 12-hour fast, all subjects received a blood test, including complete blood count, routine biochemistry, and fasting plasma glucose. Wearing light indoor clothes, each subject's body height (to the nearest 0.1 cm), weight (to the nearest 0.1 kg), and waist circumference (WC) (to the nearest 0.1 cm) were measured. The WC was performed at the end of normal expiration in duplicate on bare skin midway between the lower rib margin and the iliac crest. BMI was calculated as weight (in kilograms) divided by height (in meters) squared. Subjects with a BMI ≥25 kg/m 2 were defined as obese. 25 Central obesity was defined as WC ≥90 cm in men and ≥80 cm in women. Habitual physical exercise was categorized as "regular physical exercise" (vigorous exercise at least 3 times per week) and "no regular physical exercise." Cigarette smoking was categorized as "current smokers" (at least 1 pack per month, lasted for half a year) and "nonsmokers", and alcohol consumption as "drinkers" (at least one drink per week, lasted for half a year) and "nondrinkers."
For the blood pressure measurement, subjects were resting in a supine position in a quiet atmosphere, and measurements were obtained in a fasting state between 08:00 and 10:00 AM. Two blood pressure readings, separated by intervals of at least 5 minutes, were taken with an appropriate-sized cuff wrapped around the right upper arm using a DINAMAP vital signs monitor (model 1846SX; Critikon Inc). Hypertension was defined as systolic blood pressure (SBP) ≥140 mm Hg or diastolic blood pressure (DBP) ≥90 mm Hg according to the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. Blood glucose was measured by using a hexokinase method (Roche Diagnostic GmbH). Diabetes was defined according to the American Diabetes Association recommendation. 27 Serum total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol levels were determined in the central laboratory of the National Taiwan University Medical Center with an autoanalyzer (Hitachi 747E). Low-density lipoprotein (LDL) cholesterol was calculated using the Friedewald formula. Low-HDL cholesterol was defined as HDL cholesterol level of <40 mg/dL for men or <50 mg/dL for women, and hypertriglyceridemia was defined as triglyceride level of ≥150 mg/dL. Liver and pancreas sonographic examinations were carried out simultaneously by a single experienced radiologist with high-resolution ultrasonography (HPM2410A; Hewlett Packard) using a 3.5-MHz linear transducer. Both NAFLD and NAFPD were diagnosed by hepatologists in NTUH who were blind to all the medical information of the examinees. The NAFLD diagnostic criteria included the characteristic echo patterns of hepatorenal echo contrast, bright liver, deep (posterior beam) attenuation, and vascular blurring. 28 "Fatty pancreas" was diagnosed when there was an increase in echogenicity of the pancreatic body over that of the kidney. Because the pancreas could not be compared directly with the kidney in the same window, the examiner compared the differences between hepatic and renal echogenicity and between hepatic and pancreatic echogenicity to obtain an objective pancreatorenal echo contrast. Using this method, all subjects were classified into either the fatty pancreas or the non-fatty pancreas group. The mean interobserver percentage of agreement for ultrasound diagnosis of fatty pancreas was 72% (j=0.63). Subjects with the following conditions or diseases were excluded: (1) an age of <18 or ≥80 years; (2) 
Results
In the final analysis, a total of 8097 subjects were included and classified into fatty pancreas (n=1297, 16%) and nonfatty pancreas (n=6800, 84%) groups. Table 1 shows the comparison of clinical characteristics between groups. There were significant differences in age, sex, WC, BMI, systolic/ diastolic blood pressure, fasting plasma glucose, hemoglobin A 1C , alanine transaminase (ALT), aspartate transaminase (AST), ALT/AST ratio, creatinine, total cholesterol, triglycerides, HDL cholesterol, and LDL/HDL cholesterol ratio. The fatty pancreas group had a significantly greater proportion of To investigate the effects of clinical variables on the risk of fatty pancreas, we performed logistic regression analysis. In nondiabetic individuals, age (P<0.001), general or central obesity (P<0.001), hypertriglyceridemia (P=0.001), fatty liver (P<0.001), and ALT/AST ratio (P=0.002) were independently associated factors of fatty pancreas ( Table 2 ). In the whole group of subjects (Table 3) , age (P<0.001), general obesity (P<0.001), diabetes (P<0.001), low-HDL cholesterol (P<0.05), hypertriglyceridemia (P<0.001), fatty liver (P<0.001), and ALT/AST ratio (P=0.004) were independently associated with fatty pancreas after adjustment for sex, hypertension, smoking, alcohol drinking, and exercise (model 1). The results were still the same when substituting general obesity with central obesity in the logistic regression analysis (model 2).
Furthermore, we evaluated the relationships between fatty pancreas and NAFLD and diabetes, with adjustment of cardiometabolic risk factors (Table 4) . We found that age, hypertension, low-HDL cholesterol, hypertriglyceridemia, ALT/AST ratio, fatty pancreas, and NAFLD were significantly associated with diabetes. The ORs of diabetes for fatty pancreas and NAFLD were 1.593 (95% CI 1.300 to 1.953) and 2.235 (95% CI 1.783 to 2.801), respectively.
Discussion
To the best of our knowledge, this is the first study to investigate the prevalence of fatty pancreas, an enigmatic ectopic fat, and its risk factors in a large cohort. Our results explicitly indicate that NAFLD and diabetes were strongly associated with fatty pancreas after adjustment for age, sex, adiposity, ALT/AST ratio, and other cardiometabolic risk factors.
To date, there are only a few studies regarding pancreatic steatosis, and its pathophysiological mechanisms are largely unknown. It was Ogilivie who first coined the term "pancreatic lipomatosis" for "excessive storage of fat in pancreatic tissue." 29 The term "lipomatosis" is now replaced by "steatosis." Recently, van Greenen et al developed the first histopathological grading system, the "pancreatic lipomatosis score," for the scoring of pancreatic steatosis. 21 This grading system emphasizes the distribution of intralobular, interlobular, and total pancreatic fat. However, no dichotomous histopathological cutoff has been yet proposed to define "fatty pancreas." In addition, there has been no study exploring the link between the pathological findings of fatty pancreas with those of imaging studies. One reason may be due to the difficulty of rapid autolysis encountered in autopsy specimens. 30 Furthermore, in contrast to the widely used liver biopsy for various diagnostic purposes, pancreatic biopsy has not been suggested and regularly performed in clinical practice. Previous studies have shown that fatty pancreas is associated with BMI, 18, 22, 24 visceral fat, 19 and fatty liver. 18, 22, 31 However, an association of NAFLD and fatty pancreas has never been demonstrated in large-cohort studies. Most of these studies had a small sample size (n=120 to 293), and the subjects are highly selective, either "scheduled for endoscopic ultrasound" for a diseased state 18, 22, 31 or "visited the obesity clinic" 19 for investigation, which limits the generalizability of their results. In contrast, our study recruited a general population admitted for a physical checkup. With a significantly larger number of subjects, we observed that the prevalence of fatty liver was 16%, which could be considered a reliable estimate for the general population. Furthermore, we found that both NAFLD and BMI or WC were independently associated with fatty pancreas. From the viewpoint of ectopic fat deposition, it is conceivable that NAFLD and fatty pancreas are closely related. In an animal study, mice fed a high-fat diet develop obesity and insulin resistance accompanied by features of both NAFLD and NAFPD. 16 However, a longer duration of high-fat diet feeding increased triglyceride content in the pancreas but not the liver, suggesting that the pancreas is particularly susceptible to ectopic fat deposition. 32 Although two human studies using magnetic resonance spectroscopy or imaging failed to demonstrate the relationship between pancreatic and hepatic fat, their results are limited by the small number of study subjects (n=36 and 17). 23, 33 In contrast, one recent histopathological study examining the relationship between pancreas fat and liver fat suggested that a cutoff of >15% total pancreatic fat is significantly correlated with hepatic steatosis. Meanwhile, both interlobular and total pancreatic fat were related to macrovesicular liver fat and NAFLD activity score, but the relationship disappeared after adjustment for BMI. This result implies the relationship between NAFLD and fatty pancreas is mediated by general obesity. 21 However, we demonstrated in the present study that adjustment for general or central obesity did not affect the association between NAFLD and fatty pancreas. This discrepancy may be attributed to the differences in the study design, the methods by which fatty infiltration of liver and pancreas were estimated, and the selection of study subjects, because our cohort was younger, had a larger sample size, and generally was healthier than that in the earlier study. In contrast to NAFLD, the pathophysiological mechanisms and clinical relevance of fatty pancreas remain unclear. In the present study, we found that diabetes mellitus was independently associated with fatty pancreas, and vice versa. Subjects with fatty pancreas had an increased risk of diabetes (OR 1.593) compared with those without it. Many previous studies have indicated that fatty infiltration of the pancreas may contribute to a loss of b-cell mass and function, 34, 35 which possibly leads to the development of diabetes. 36 In obese Zucker diabetic fatty rats, the triacylglycerol content of islets in prediabetic rats increased significantly and preceded the development of diabetes. 37 However, in human studies, the data are inconsistent. One study finds that pancreatic fat, as measured by using magnetic resonance spectroscopy or magnetic resonance imaging, is negatively associated with glucose tolerance test-based measures of insulin secretion in nondiabetic subjects. 23 Moreover, the results of the regression analysis in Heni et al indicated that pancreatic fat is a stronger determinant of impaired insulin secretion than visceral fat in subjects with prediabetes. 24 In contrast to these studies, another study that used the gold standard hyperglycemic clamp found no relation between pancreatic fat content and b-cell function in subjects with impaired glucose metabolism. 25 Similarly, Tushuizen et al reported no association between pancreatic fat and b-cell dysfunction in diabetic patients. 23 This lack of association suggests that once diabetes occurs, factors additional to pancreatic fat account for further declines in b-cell functioning. 23 In addition, whether diabetic patients have higher pancreatic fat content remains inconclusive. Using different techniques to assess the pancreatic fat content, Tushuizen et al 23 and Lingvay et al 38 found diabetic subjects had a significantly higher pancreatic fat content, defined by using magnetic resonance spectroscopy or magnetic resonance imaging, than nondiabetic ones, but Saisho et al, in their much larger cohort, observed no difference as measured with computed tomography. 39 In the present study, we showed that after controlling for age, sex, general or visceral obesity, NAFLD, and cardiometabolic risk factors, diabetes was significantly associated with fatty pancreas. This result is compatible with the notion that once diabetes develops, fatty replacement of damaged tissue may contribute to the extra-islet pancreatic fat. 22 Alternatively, the increased levels of malonyl-coenzyme A caused by hyperglycemia may inhibit carnitine palmitoyltransferease-1, leading to a decrease in mitochondrial b-oxidation and further stimulation of intracellular triglyceride accumulation. 40 In addition, our finding that fatty pancreas was positively associated with age is compatible with the results of previous studies, 39, 41 and this may be due to the age-related decrease in pancreatic parenchymal volume and increased pancreatic fat content in the older subjects. 39, 41 There are some limitations in this work, as follows. First, because this study used a cross-sectional design, it does not allow causal inference between fatty pancreas and diabetes or NAFLD, although the causal relationship is expected to link fatty pancreas with diabetes, not vice versa. Second, although fatty pancreas is associated with impaired insulin secretion and insulin resistance, we did not measure the serum insulin level because it is not part of a routine health checkup, and we did not have the specimen for this measurement. Instead, we adjusted components of metabolic syndrome as a proxy for insulin resistance. Third, because the racial differences in the fatty pancreas have not yet been reported, more studies on this topic are needed. Fourth, we did not adjust for socioeconomic parameters, such as educational level or income, to investigate their possible effects on fatty pancreas because we did not have these data in our database. However, to the best of our knowledge, no previous studies have suggested any role for these socioeconomic variables in the prevalence of fatty pancreas. Finally, in this work, the diagnosis of fatty pancreas and NAFLD was made with sonography but not confirmed pathologically. Although magnetic resonance-based techniques are frequently used for measurement of pancreatic fat content, they are expensive and difficult to perform in clinical practice for a large-scale cohort. 7 On the other hand, abdominal sonography is an established noninvasive and reproducible tool as a screening modality, which has been shown to be accurate and cost-effective in diagnosing fatty pancreas in previous cohort studies. 7, 19, 42 The results of these earlier works support its use in the present study. More important, increased deposition of fat, which has infiltrated along the pancreatic septa, has been shown to be a major determining factor of pancreatic echogenicity in one study evaluating pancreatic echogenicity and its correlation with the morphologic appearance of the pancreas in computed tomography. 29 Therefore, it seems plausible to assume that the "fatty pancreas" found on ultrasonography is associated with increased fat deposition pathologically. Furthermore, the ultrasonography data were interpreted by hepatologists who were blind to the examinees' past history or biochemical results, to reduce potential bias.
In conclusion, in this work we found a high prevalence of fatty pancreas via abdominal sonography in a large Chinese cohort drawn from the general population. Our results also show that both diabetes and NAFLD are important associated factors of fatty pancreas independent of age, sex, adiposity, and other cardiometabolic risk factors. Because obesity is one of the most important challenges to public health worldwide, there is a need for further studies to better understand ectopic pancreatic fat deposits.
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